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Abstract – In determining failure characteristics in 
typical manufacturing production lines, workcells and 
components can have different failure patterns and 
distributions at the same time. The Preventive Maintenance 
(PM) of a production line is normally conducted on parts of 
machines or components in the system. Often, this type of 
PM does not restore the entire production line back to “as-
good-as-new” condition - the entire production line is 
generally ‘imperfectly’ repaired. A production line can be 
subject to multiple such PM actions over its operational life 
span.  
In determining an optimal PM strategy, an accurate 
estimation of the effects of these PM actions on the reliability 
of production lines is essential. This paper addresses this 
issue at a component level using the Split System Approach 
(SSA). The repaired components are assumed to be 
connected logically with the rest of a system in series.  
Most existing models consider the entire system and are 
based on the premise that the effect of PM is dependent on 
the characteristics of the failures of a system. This research 
revealed that the effect of PM depends on the characteristics 
of the failures of repaired components rather than the entire 
system.  
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I. INTRODUCTION 
A production line is a complex system normally 
consisting of several workcells that conducts successive 
operations. Production lines are very common in modern 
manufacturing industries such as steel plants, food 
processing factories, and automobile manufacturing plants. 
Optimal management of production lines is very desirable 
to the owners of production lines. Analysing and 
predicting the reliability of production lines is a major task 
in delivering an optimal strategy. A number of papers 
have been published addressing this matter. Dallery and 
Bihan [1] developed an improved method for the analysis 
of serial production lines with unreliable machines and 
finite buffers. Liberopoulos [2] conducted reliability 
analysis of an automated pizza production line and 
Miltenburg [3] investigated the effects of breakdown on 
U-shaped production lines. These studies either focused 
on the effects of machine failures in production lines on 
production processes or focused on the estimation of 
failure distribution of production lines using historical 
failure data.  
The analysis and prediction of reliability of 
production lines over their operational life-spans have not 
yet received the adequate attention of researchers and 
practitioners alike, thereby highlighting the need for the 
development of accurate reliability analysis methods. 
Accurate reliability predictions will also enable asset 
owners to optimise the management of the production 
lines based on the criterion of the lowest whole life cycle 
cost. Operational life-span is one of the most significant 
segments in the whole life cycle of production lines. 
Production lines are usually complex repairable systems. 
Researchers have studied the relationship between a 
system’s failure rate and its constituent components’ 
failure rates. Drenick [4] indicated that the failure 
distribution of a complex system will tend to be 
exponential if each of its components bears a renewal 
process that is statistically independent of all others. 
However, Drenick’s results did not consider the effect of 
Preventive Maintenance (PM).  
In today’s enterprises, a PM strategy is often applied 
to improve the reliability of production lines. A 
production line can be subject to multiple PM actions over 
its operational life-span. Many companies develop their 
PM strategies at the stage of acquisition of the production 
lines. Observation from industries has revealed that 
different PM activities can have different effects on the 
reliability of production lines. If PM is conducted at the 
right time and in a correct manner, it can improve the 
reliability characteristics of production lines. Or otherwise, 
PM can have no effect on the reliability of production 
lines or even worse - decrease the reliability of the 
production lines. Hence, the effects of PM on the 
reliability of production lines should be investigated 
comprehensively.  
A production line is normally composed of several 
machines and these machines in turn contain a number of 
mechanical components. These machines and mechanical 
components can have different life cycles. It may be noted 
that different machines and components may have 
different failure patterns and distributions at the same time. 
At the same time, when conducting PM on a production 
line it is common to focus PM actions on individual 
machines or components in accordance with their 
individual failure patterns. Hence, to make an optimal 
decision, an accurate estimation of the effects of PM of 
these machines and/or components on the reliability of 
production lines is essential. An analytical model for 
estimating the effects of PM on production lines has yet to 
 6311-4244-1529-2/07/$25.00 ©2007 IEEE
be developed.  
Moubray [5] has investigated the effects of PM on the 
reliability of systems qualitatively, whereas Ebeling [6] 
has quantitatively assessed the effect of PM on a system 
based on the assumption that a PM action restores the 
system to its original condition, i.e., the assumption of “as 
good as new”. According to Ebeling, a PM action is 
ineffective if a system has a constant failure rate. However, 
Ebeling’s model has two major limitations when applied 
to production lines: (1) a production line can have 
different failure patters at the same time; and (2) the 
condition of a production line can be seldom restored to 
its original condition following a PM action. Even though 
a machine is replaced by a new identical one during a PM 
action, the state of the entire production line cannot be as 
good as new due to the rest of the unrepaired machines in 
the production line. The typical state of a production line 
after a PM is between “as good as new” and “as bad as 
old”. A repair leading to this typical state is termed as 
imperfect repair. To predict reliability of a system with 
multiple imperfect repairs, a Split System Approach (SSA) 
has been recently proposed by Sun, Ma and Mathew [7]. 
This paper aims to quantitatively investigate the 
effects of PM on the reliability of production lines 
analysed at a component level using the SSA. The term 
“component” used in this paper can indicate a workcell, a 
machine, an assembly or a component in reality. When 
“repair” is mentioned, it usually includes replace 
(replacement).  
Only serial production lines are considered in this 
paper. In the following analysis, a production line is 
assumed to be divided into two groups. Group 1 consists 
of those components whose Mean Time To Failure 
(MTTF) are much shorter than the remainder of the 
production line (Group 2). A repaired component is 
assumed to be connected with the rest of a system in series. 
The failure of the repaired components is assumed to be 
independent of the unrepaired components. This 
assumption means that when a component is repaired, the 
failure distribution form of the unrepaired part of a system 
(subsystem) does not change, and the conditions of the 
subsystem do not affect the reliability characteristics of 
the repaired components.  
The rest of the paper is organised as follows. In 
Section 2, the failure patterns of mechanical systems are 
described briefly. In Section 3, the methodology of 
reliability prediction of production lines with PM is 
presented. The effect of PM of components on the 
reliability of production lines is analysed in Section 4. 
Conclusions are given in Section 5. 
 
II. FAILURE PATTERNS OF MECHANICAL SYSTEMS 
Production lines are normally mechanical systems. 
Research and industrial experience have shown that 
mechanical system failures, in terms of failure rates, have 
six common patterns [5]. The bathtub failure pattern 
shown in Fig. 1 is a typical failure pattern of mechanical 
systems.  
The bathtub pattern consists of three phases. Phase I 
represents the infant mortality stage, i.e., the failure rate of 
a system declines with age during this phase. Phase II 
represents the random failure stage, i.e., the failure rate of 
the system is constant during this phase. Phase III 
represents the wear-out stage, i.e., the failure rate of the 
system increases with age during this phase. The hazard 
function of the bathtub failure pattern can be described 
using the following equation: 
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Equation (1) indicates that in Phase I, the system 
exhibits a Weibull failure distribution with shape 
parameter β1<1. In Phase II, the system has an exponential 
failure distribution with a constant failure rate 
1
1111
1))(( −= βξααβλ , and in Phase III it has a two-fold 
Weibull competing risk rate with β2>1.  
Hazard functions and reliability functions can be 
derived from each other. The relationship between the 
hazard functions and the reliability functions is given by 
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Fig. 1.  Bathtub failure pattern 
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Note that Equation (1) can be employed to model 
other patterns of failures. For instance, if 01 =ξ  and 
T>2ξ  (T is an operational span that interests the owners 
of production lines), Equation (1), during the period of 
time T , describes another failure pattern as shown in Fig. 
2. 
At the same time, one also needs to note that the 
components in a production line can have different 
operational life-spans and different failure patterns 
simultaneously. 
 
III. RELIABILITY PREDICTION OF PRODUCTION 
LINES WITH PM 
When analysing the reliability of production lines, one 
needs to consider multiple imperfect PM actions over 
multiple PM cycles. In this section, the reliability of 
production lines over their operational life-spans is 
analysed and predicted using SSA. 
 
A. Concept of the SSA 
 
The basic concept of the SSA is to separate repaired 
and unrepaired components within a system virtually 
when modelling the reliability of a system after PM. This 
concept enables the analysis of system reliability at the 
component level. In industry, when a PM action is 
conducted on a complex system, generally, only some of 
components are repaired – a common scenario when a 
production line is preventively maintained. 
The SSA has two major advantages: (1) It can 
describe different states of a system after a PM action 
such as “as good as new”, “as bad as old”, “imperfect 
repair” and “improved repair”; (2) It does not restrict the 
form of the failure distribution of repaired components. 
In principle, SSA can be used to analyse the reliability 
of systems in different maintenance scenarios. Reference 
[7] considers a simple scenario – the same component 
(termed as Component 1) is repaired in all PM actions. 
Under an assumption that the repaired component is 
connected with the rest of a system in series and the repair 
times can be ignored, the reliability of the system after nth 
PM action, nsR )(τ  is given by 
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where, τ  is relative time scale and changes from 0  to 
it  ( it  is the i
th PM time and ),,2,1 ni …= . nR )(1 τ  is the 
reliability function of Component 1 after the nth PM action. 
iitR )( 11 +∆  is the probability of survival of Component 1 
from time it  until time 1+it . 01 )(•R  and 0)(•sR  are the 
original reliability functions of Component 1 and the 
system, respectively. Parameter it∆  is the interval between 
the (i-1)th PM action and the ith PM action.  
 
B. Methodology of reliability prediction 
 
In order to apply the above results to the reliability 
prediction of the production lines, a production line 
(termed as system corresponding to the terms used in the 
SSA) is divided into two virtual groups: Group 1 (termed 
as Component 1 corresponding to the terms used in the 
SSA) and Group 2 (termed as subsystem corresponding to 
the terms used in the SSA). Group 1 consists of those 
machines whose Mean Time To Failure (MTTF) is much 
shorter than the remainder of the production line. Group 2 
is composed of the remainder of the production line. It is 
assumed that, to improve the reliability of the entire 
production line, multiple PM actions are conducted on 
Group 1.  
To estimate the reliability of Group 1 after PM actions, 
Group 1 can be further divided into two sub-groups. In 
this paper, for simplification, the following approximate 
formula is used to describe the reliability of Group1 after 
a PM action: 
 
)()( 111 −∆+= ncn tfRR ττ , (5) 
 
where, cf is termed as the recovery coefficient, which 
is used to represent the degree that the reliability of Group 
1 after a repair is returned to its original reliability. When 
0=cf , the state of Group 1 after a repair becomes as 
good as new. An example of such scenario is that the all 
machines in Group 1 are replaced by their identical ones. 
When 1=cf , the state of Group 1 after a repair is as bad 
as old. For example, Group 1 has a minimal repair such as 
adding lubricant. When 10 << cf , Group 1 has an 
imperfect repair. The recovery coefficient cf  can be used 
to describe the performance of PM actions. The better the 
PM action, the smaller the value of the recovery 
coefficient.  
 
h(t) 
t 
Fig. 2.  Constant failure pattern 
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IV. EFFECTS OF PM ON SYSTEM RELIABILITY 
In (4), if )exp()( 1τλτ −=iiR , ( ni ,,2,1,0 …= ), then 
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Substituting (6) and (7) into (4) gives 
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Equation (8) indicates that if Group 1 has an 
exponential failure distribution (i.e., it is operating at the 
random failure stage), and PM actions always make it 
recover to “as good as new” (e.g., always replacing the old 
components with identical new ones), these PM actions do 
not affect the reliability improvement of the entire 
production line, and should be avoided.  
To investigate the effects of PM of some machines or 
workcells in a production line on the reliability of the 
entire production line in more depth, simulation studies 
were used. A time based PM policy was considered 
because it is a popular method used by numerous 
companies [8]. A number of PM actions were conducted 
to the production line over an operational period of 720 
days. The original reliability function of the production 
line was assumed as follows: 
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The failure distribution of Part 1 before any PM 
action was given by: 
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where, β  is a shape parameter. In this paper, three 
different shape parameters ( 5.0=β , 1=β and 5.2=β ) 
have been considered to simulate three different scenarios 
- PM is conducted at Phase I, Phase II and Phase III, 
respectively. Different recovery coefficients have been 
used in the simulations. The simulation results are 
presented in Figs 3 to 5.  
From Fig. 3, it can be seen that the reliability of the 
production lines after PM decrease rather than increase in 
value. This result is not surprising. During Phase I, the 
failures of machines are mainly caused by human errors 
and infant mortality. The failure rates of the machines 
decrease with operating time during this phase. If the 
conditions of these machines recover to, or near their 
original condition through PM such as replacing some 
parts, more human errors and infant mortality will be 
introduced which would lead to higher failure likelihood. 
Hence, the reliability of the production line will decrease 
with the increase in the frequency of PM actions during 
Phase I. 
Fig. 4 depicts that the PM of some machines or 
workcells in the production line has no effect on the 
reliability of the production line under two conditions: (1) 
these machines or workcells operate during Phase II; and 
(2) the PM actions recover their states back to “as good as 
new”. The fact that the PM has no effect on the reliability 
of a system has been observed previously when the entire 
system is repaired as good as new [6]. From Fig. 4, it can 
be also seen that the reliability of the production line 
decreases when the PM actions are assumed to be 
imperfect repairs.  
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Fig. 5 reveals that the PM of some machines or 
workcells during their wear out stage (Phase III) can 
improve the reliability of production lines. In this case, 
more frequent PM resulted in higher reliability of the 
entire production line. Fig. 5 also reveals that the 
reliability of the production line after 720 days decreases 
by 5 percent only when the interval between two PM 
actions is increased from 30 days to 60 days. This result 
indicates that in this case, the frequency of the PM can 
affect the improvement of the reliability of the production 
lines, but the effects are not very sensitive. This finding is 
significant, considering that longer PM interval means 
lower maintenance cost. 
 
V. CONCLUSION 
Production lines are often complex mechanical 
systems which are composed of different workcells, 
machines and components. The workcells, machines and 
components in a production line can have different 
operational life-spans. They often have different failure 
patterns at the same time. The Split System Approach 
(SSA) has been used to assess the effects of the PM of 
some workcells, machines and/or components in the 
production lines quantitatively. The PM decision of the 
production lines can be optimised based on the assessment 
of the effect of PM. 
The PM of workcells, machines and components can 
have different effects on the reliability of a production line. 
These effects depend on the reliability characteristics of 
repaired items (workcells, machines or components) rather 
than the entire production line.  
If a PM action is conducted to restore the repaired 
items to their original states, this PM should not be carried 
out during the infant mortality stage and random failure 
stage of these items, regardless of whether the entire 
production line is operating at its wear-out stage or not. 
If some items (workcells, machines or components) in 
a production line have much shorter mean time to failure 
than the rest of the production line, the reliability of the 
production line can be improved effectively through 
preventive maintenance of these items in their wear-out 
stage. However, the PM effectiveness depends on the 
reliability characteristics of the repaired items and the PM 
performance. An optimal PM frequency exists.  
In some cases, the infant mortality stage and random 
failure stage of the machines in production lines last a 
long time period. As a result, the overall reliability of the 
production lines could have reached an unacceptable low 
level before these individual machines progress into their 
wear-out stage. In these cases, predictive maintenance 
actions or maintenance actions that can reduce the failure 
rates of the machines, should be employed – an issue 
which is being researched at this time.  
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